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Near-wall turbulent velocities in turbulent channel flows are decomposed into small-
scale and large-scale components at y
+ < 100, where y+ is the viscous-normalized wall-
normal height. The small-scale one is obtained by fully removing outer influences and
can be reminiscent of the well-known near-wall turbulence cycle. On the other hand, the
large-scale one represents the near-wall footprints of outer energy-containing motions.
We present plenty of evidences that demonstrate the small-scale motions are universal
(Reynolds-number invariant) with the viscous scaling, at friction Reynolds numbers
between 1000 and 5200. At lower Reynolds numbers from 180 to 600, the small scales
can not be scaled by the viscous units, and the vortical structures are progressively
strengthened as Reynolds number increases, which is proposed as the main mechanism
responsible for the anomalous scaling behavior. The viscous-scaled energetic significance
and length scales of outer footprints grow with Reynolds number, but their small-scale
parts can be approximately scaled by the viscous units, implying possible relations with
the inherently near-wall motions. Finally, the average effect of amplitude modulation
may be negligible at least at the Reynolds numbers we consider, since the statistics of the
small-scale velocities before and after the demodulation procedure are almost identical.
The finding of the universal small-scale motions in wall turbulence may be akin to the
universal small scales in homogeneous and isotropic turbulence, possibly suggesting the
universality of the existence of universal small-scales in different turbulent flows.
1. Introduction
Reynolds-number dependence and scaling laws for mean and fluctuating values of flow
quantities have always been being one of the most fundamental topics in turbulence
research. For wall-bounded turbulent flows, the celebrated law of the wall for mean
streamwise velocity is well known, albeit the debate on the logarithmic and the power
laws (Marusic et al. 2010b). For turbulence quantities, Townsend (1976) proposed the
attached eddy hypothesis (AEH) and predicted scaling relationships of fluctuating ve-
locity variances at high-Reynolds-number condition, where it was postulated that the
logarithmic layer of turbulent flow can be modelled as an ensemble of self-similar energy-
containing eddies. The size and population density of these eddies are presumed to be
proportional and inversely proportional to their wall normal height y (Perry & Chong
1982; Hwang & Sung 2018; Marusic & Monty 2019), respectively. There also exist a
number of other theories in the literature that aim to predict the Reynolds-number
effect and scaling laws of wall turbulence quantities (Monkewitz & Nagib 2015; Chen
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et al. 2018, 2019). In the near-wall region, it is now well recognized that the peak of
streamwise turbulence intensity has a weak Reynolds number dependence when it is
scaled by the friction velocity uτ (De Graaff & Eaton 2000; Marusic et al. 2017), where
uτ =
√
τw/ρ (τw is the mean wall-shear stress and ρ is the fluid density). Although the
mean flow is well accepted to follow the law of the wall, there is less consensus about the
scaling of the Reynolds normal stresses, especially the Reynolds-number dependence of
the near-wall peak and its physical origins.
Reynolds-number effect on near-wall turbulence statistics has been explored in many
investigations over the past several decades. The classical view of wall-bounded turbu-
lence considers an inner region near the wall where the viscous effect dominates, so that all
velocity statistics should be universally scaled by the friction velocity and the kinematic
viscosity of the fluid (Tennekes & Lumley 1972). This is referred as the inner or viscous
scaling that leads to the classical Prandtl’s law of the wall. Although some studies seem
to support this hypothesis (Perry & Abell 1975; Mochizuki & Nieuwstadt 1996; Tachie
et al. 2003; Hultmark et al. 2012; Vallikivi et al. 2015b), much more evidence definitely
shows an increasing trend of the (inner) peak turbulence intensity with Reynolds number.
The existence of Reynolds-number effect on near-wall turbulence intensities have been
observed from numerous simulations and experiments in various types of canonical wall-
bounded flows, including boundary layers, channels and pipes, which have provided
strong evidence that near-wall turbulence statistics of fluctuating quantities do not follow
the inner scaling (Purtell et al. 1981; Spalart 1988; Wei & Willmarth 1989; Erm & Joubert
1991; Antonia et al. 1992; Antonia & Kim 1994; Ching et al. 1995; De Graaff & Eaton
2000; Metzger & Klewicki 2001; Morrison et al. 2004; Hoyas & Jime´nez 2006; Hutchins
& Marusic 2007a; Schultz & Flack 2013; Vincenti et al. 2013; Bernardini et al. 2014;
Lee & Moser 2015; Willert et al. 2017; Hu & Zheng 2018; Samie et al. 2018). There
have been some excellent reviews on the Reynolds-number scaling issue which provide
much more historical details (Gad-el Hak & Bandyopadhyay 1994; Fernholz & Finley
1996; Klewicki 2010; Marusic et al. 2017). Besides, several works attempted to reveal
the physical mechanism responsible for the Reynolds-number dependence of near-wall
turbulence statistics. For example, Wei & Willmarth (1989) measured the streamwise
and wall-normal velocity components u and v with a laser-Doppler anemometer system
in a turbulent channel flow and showed a systematic dependence of turbulence statistics
on Reynolds number. They hypothesized that it may be a result of modifications of
coherent structures in the vicinity of the wall, and suggested two possible mechanisms.
The first one is an increase in near-wall vortex stretching with Reynolds number. The
second one raises possibility of effect from the opposite wall, especially at low Reynolds
number. Antonia et al. (1992) investigated the mechanism by introducing heating at
one channel wall, and no strong evidence was found for direct interaction between inner
regions of the opposite walls. It was further suggested that the Reynolds number effects
of various turbulence quantities were likely to be associated with the increased intensities
and stretching of quasi-streamwise vortices in the near-wall region (Antonia & Kim 1994).
In recent years, a prominent view is that the augmentation of near-wall turbulence
intensities with Reynolds number can be attributed to the increasing influence of outer
energetic motions in the inner region (Smits et al. 2011; Marusic et al. 2017). As Reynolds
number increases, very long and energy containing motions prevail in the logarithmic
layer of wall-bounded turbulent flows, and they are conventionally termed as large-scale
motions (LSMs), very-large-scale motions (VLSMs), superstructures or global modes
(Kovasznay et al. 1970; Brown & Thomas 1977; Kim & Adrian 1999; Del A´lamo et al.
2004; Hutchins & Marusic 2007a; Lee & Sung 2011). It was found that the turbulence
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kinetic energies carried by these structures increase with Reynolds number (Hoyas &
Jime´nez 2006; Balakumar & Adrian 2007; Hutchins & Marusic 2007a; Vallikivi et al.
2015a). The studies of Del A´lamo & Jime´nez (2003), Abe et al. (2004) and Hutchins
& Marusic (2007a) among others have clearly demonstrated that the aforementioned
large outer energetic motions can penetrate deep down to the wall, playing as strong
imprints or footprints, which is also consistent with Townsend’s AEH. As a consequence,
the presence of large-scale footprints in the near-wall region can be associated with the
failure of inner scaling of near-wall turbulence intensities (Marusic et al. 2017).
On the other hand, another major progress recently in wall turbulence research is
the discovery of a self-sustaining near-wall regeneration cycle, which comprises of quasi-
cyclic regeneration of streaks and quasi-streamwise vortices (Hamilton et al. 1995; Waleffe
1997; Kawahara & Kida 2001; Schoppa & Hussain 2002). In this process, streaks can be
profoundly amplified by quasi-streamwise vortices through transferring energy of mean
shear to streamwise velocity fluctuations, i.e., the so-called lift-up effect (Ellingsen &
Palm 1975; Landahl 1990; Butler & Farrell 1993; Brandt 2014). Then the amplified
streaks rapidly oscillate and break down due to instability or transient growth, which
in turn leads to the generation of new quasi-streamwise vortices (Hamilton et al. 1995;
Schoppa & Hussain 2002). This cycle can also be uncovered via nonlinearly equilibrium
or temporally periodic invariant solutions of the incompressible Navier-Stokes equations,
which are termed by the exact coherent states as well (Waleffe 1997; Kawahara & Kida
2001; Waleffe 2001). In addition, the near-wall cycle is found to be autonomous in that it
could be well self-sustained by artificially removing outer turbulent fluctuations (Jime´nez
& Pinelli 1999). Therefore, it should be reasonable to hypothesize that the statistics of the
near-wall cycle can be completely scaled with the viscous units and thus Reynolds-number
invariant (Mathis et al. 2011), since it is now increasingly recognized that the Reynolds-
number dependence of near-wall turbulence is solely introduced by outer footprints.
Based on the current understanding of near-wall turbulence, Marusic and co-workers
proposed an algebraic predictive model for near-wall turbulence statistics with outer
inputs (Marusic et al. 2010a; Mathis et al. 2011; Baars et al. 2016), by incorporating
the effects of superposition (footprints) and amplitude modulation of outer large scales
on inner small-scale turbulent motions (near-wall cycle). Hence it suggests that outer
footprints and near-wall autonomous cycle co-exist and interact in the near-wall region.
In their model, a universal small-scale velocity component, namely u
∗
, is supposed to be
a surrogate of the near-wall cycle and should be determined a priori in a calibration
measurement. The input large-scale velocity signal is measured at the centre of the
logarithmic layer where the outer fluctuation is the strongest. The details of the model
will be given in §3. The model has been demonstrated to work well at quite high Reynolds
numbers (Mathis et al. 2011; Baars et al. 2016). For instance, the universal velocity signal
u
∗
was acquired in turbulent boundary layer measurement at Reτ = 7300 in Mathis
et al. (2011), and predictions at Reτ = 2800 ∼ 19000 show reasonable agreements with
the direct laboratory measurement data. Here the friction Reynolds number is defined
by Reτ = uτδ/ν, uτ is the friction velocity, δ is the outer length scale (boundary layer
thickness, channel half height or pipe radius), and ν is the fluid kinematic viscosity.
Similar results were obtained by Baars et al. (2016) with a refined predictive model using
a spectral linear coherence estimation instead of a definite spectral cut off. However, in
practical implementation of the model, Mathis et al. (2011) claimed that the Fourier
phases of the large-scale signal in the calibration measurement need to be retained and
replace the large-scale velocity phases measured under the prediction condition. Without
this procedure, one-point moments, especially high order ones, would be erroneously
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predicted. This indicates that the extracted universal signal u
∗
may still contain a fraction
of outer large-scale footprints (W. J. Baars, private communication).
The predictive model of Marusic and co-workers provides a natural decomposition of
near-wall streamwise fluctuating velocity into small-scale and large-scale components.
However, explicit assessment of Reynolds-number invariance of u
∗
was never put out.
Moreover, there are some other relevant studies that tried to extract universal near-wall
turbulence. Hwang (2013) designed numerical experiments that the near-wall turbulent
motions with λ
+
z > 100 at Reτ up to 660 were removed using the spanwise minimum
flow unit (MFU) of Jime´nez & Moin (1991). It was found that the streamwise velocity
fluctuations at y
+ < 40 are well scaled by the viscous units, whereas the wall-normal and
spanwise velocity fluctuations are not. Yin et al. (2017) extended the work of Hwang
(2013) to higher Reynolds numbers, i.e, Reτ = 1000 ∼ 4000, confirming similar findings.
Then Yin et al. (2018) modified the predictive model of Marusic and co-workers by
replacing experimentally calibrated u
∗
with three-dimensional turbulent velocity fields
obtained from MFU simulation. Yin et al. (2018) also compared the intensities of the
extracted (u∗, v∗, w∗) from the predictive model and MFU, and found good agreements
at y
+ < 50, while the comparison was taken only at a single not a wide range of
Reynolds number. Hearst et al. (2018) utilized a windowing technique to extract the
universal inner small-scale spectrum measured from turbulent boundary layers subjected
to high-intensity freestream turbulence, however this method may not be applied to
instantaneous flow field. Carney et al. (2019) proposed an interesting near-wall patch
approach, while which needs explicit high-pass filtering to obtain Reynolds-number
invariant solutions.
Although some kind of success in extracting universal near-wall turbulence or appli-
cation of the near-wall predictive models has been reported, several open issues still
remain and need to be addressed. For example, is the u
∗
extracted from the predictive
model actually Reynolds-number independence in a wide range of Reynolds number?
What about the other two velocity components? Per the celebrated K41 theory for
homogeneous and isotropic turbulence (Kolmogorov 1941), the universality of small scales
has been widely regarded as one theoretical breakthrough and basis of modern statistical
theory of turbulence (Frisch 1995). We believe it will also be of theoretical significance
if universal small scales could be extracted in wall-bounded turbulence, and it is one
major objective of the present study. Another objective is to reveal the characteristics
and scalings of the large scales and their interactions with the small scales.
The paper is organised as follows. In §2, the data sets used in this work are described
and the consistency is checked. In §3, we outline the decomposition scheme for extracting
the universal small-scale motions of all three velocity components. Section §4 shows the
main results, including the evidence of Reynolds-number independent universal small-
scale motions in the Reynolds number range of Reτ = 1000 ∼ 5200, and small scales
with low-Reynolds-number effect at Reτ = 180 ∼ 600, as well as the characteristics and
scalings of large-scale footprints and inter-scale interactions. The final conclusion of the
paper is drawn in §5.
2. Data sets
2.1. Data sources
The data sets used in this study are from DNS (direct numerical simulation) of fully
developed turbulent channel flows, which are one of the most common canonical wall-
bounded turbulent flows, sharing many similarities with boundary layer and pipe flows
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Table 1. Summary of DNS data sets. Lx and Lz are computation domain sizes in streamwise and
spanwise, respectively. The outer length scale, i.e., boundary-layer thickness, channel half height
or pipe radius, is denoted by δ. ∆x
+
and ∆z
+
are the streamwise and spanwise viscous-scaled
grid size. ∆y
+
w and ∆y
+
c are the viscous-scaled wall-normal grid spacings at the wall and the
channel centre, respectively. Ny is the grid number in the wall-normal direction. FD denotes
finite difference scheme, and SP denotes spectral method.
Reτ Method Lx/δ Lz/δ ∆x+ ∆z+ ∆y+w ∆y+c Ny Line and Symbols
180 FD 8pi 3pi 10 4.99 0.196 7.08 128 −●−
310 FD 6pi 2pi 10 5.00 0.270 9.84 160 −◆−
600 FD 4pi 2pi 10 5.00 0.325 11.97 256 −▲−
1000 SP 8pi 3pi 12.27 6.135 0.0165 6.155 512 −▼−
2000 SP 8pi 3pi 8.18 4.09 0.323 8.89 633 −▶−
5200 SP 8pi 3pi 12.76 6.38 0.498 10.3 1536 −⭑−
especially in the near-wall region, although differences exist more apparently in the outer
region. The friction Reynolds numbers of the data sets are Reτ = 180, 310, 600, 1000,
2000 and 5200, covering a wide range over at least one order of magnitude, which could
help to display the Reynolds number effect on the near-wall turbulence clearly.
The turbulent channel data sets at Reτ=180, 310 and 600 are obtained from the DNS
by ourselves. The DNS code adopts a fourth-order accurate compact difference scheme
in the homogeneous directions and a second-order accurate central difference scheme
in the wall-normal direction for the descretization of the incompressible Navier-Stokes
equations on a staggered grid (Hu et al. 2018). The exact projection method is used for
velocity-pressure decoupling. For temporal advancement, the Adams-Bashforth scheme is
implemented for the convection terms, and Crank-Nicolson scheme for the viscous terms
is employed to permit large time steps. The pressure Poisson equation is solved efficiently
by Fast Fourier Transformation (FFT). In our previous work, a series of low-Reynolds-
number channel DNS (up to Reτ = 180) were conducted using the code (Hu & Zheng
2018) and the results were well validated against Lee & Moser (2015). In this study, we
perform simulations at two higher Reynolds numbers, i.e. Reτ = 310 and 600, following
the same standard at the lower Reynolds numbers. The DNS data sets of channel flows at
Reτ = 1000 and 5200 are from the group at The University of Texas at Austin (UTA) (Lee
& Moser 2015), the raw data of which are assessed from the Johns Hopkins Turbulence
Database (JHTDB) (Graham et al. 2016). And the data set at Reτ = 2000 is from the
group at Universidad Polite´cnica de Madrid (UPM) (Hoyas & Jime´nez 2006). All the
cases of Reτ = 1000, 2000 and 5200 were solved using spectral method in the wall-
parallel planes, and the UTA group adopted a 7th-order B-spline collocation method
while the UPM group employed a seven-point compact finite difference scheme in the
wall-normal direction. In the following, the mean flow velocity is expressed by capital
letters. The streamwise (x), wall-normal (y), and spanwise (z) velocity fluctuations are
denoted as u, v and w, respectively. The superscript ’+’ indicates the viscous scaling, i.e.
the normalization by the friction velocity uτ and the kinematic viscosity ν. The angle
brackets represent the spatio-temporal averaging in both the homogeneous directions and
time. The detailed information of the data sets is listed in table 1.
2.2. Consistency of the data
Since we use DNS data from the three different sources, it should be necessary to
check the consistency of the data. To achieve this, we compare the mean velocity profile
and various turbulence statistics (Reynolds stress components, pre-multiplied spectra
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Figure 1. Mean streamwise velocity profiles (a) and log-law indicator function β (b) at
Reτ = 180 ∼ 5200. The dashed line in (a) denotes U+ = (1/κ) ln y+ + B, where κ = 0.384
and B = 4.27, and in (b) is β = 1/κ = 1/0.384 = 2.604.
and joint probability density functions) to inspect whether consistent Reynolds number
dependence could be established from the data.
Mean streamwise velocity profile of turbulent wall-bounded flows has been studied
extensively and a lot of theories have been proposed. The characteristic length scales
of the near-wall flow and the outer flow are ν/uτ and δ, respectively. In the inter-
mediately overlap region, both length scales are relevant, and the logarithmic law of
mean streamwise velocity can be derived through dimensional analysis in this region
(Millikan 1939). Figure 1 (a) shows the viscous-scaled mean streamwise velocity profiles at
different Reynolds numbers. In general, the mean velocity profiles are observed to be well
consistent among different data sets. It is known that the mean streamwise velocity in the
most inner layer adjacent to the wall (y
+ ≤ 5) follows a linear relationship, i.e. U+ = y+,
which is Reynolds number independent and favorably evidenced in figure 1 (a). In the
overlap region, the mean velocity profile can be well approximated by the logarithmic
law of the wall, as U
+ = (1/κ) ln y++B. Moreover, the parameter β(y+) = y+(∂U+/∂y+)
can be used as an indicator function for the logarithmic law, which should be a constant
(1/κ) in the logarithmic region. As shown in figure 1 (b), a visible plateau region of β
can be well observed in the highest Reynolds number case (Reτ = 5200). The constants
in the log law have been determined as κ ≈ 0.384 and B ≈ 4.27, according to the fitting
by Lee & Moser (2015) at Reτ = 5200. The log-law region is not very evident at lower
Reynolds numbers, therefore some studies attempted to consider higher-order truncation
of matched asymptotic expansions of β in terms of y
+
and 1/Reτ (Afzal & Yajnik 1973;
Jime´nez & Moser 2007; Mizuno & Jime´nez 2011). Nevertheless, we will not go any further
for the mean velocity profile.
Next, we focus on Reynolds stress components that include the Reynolds normal
stresses or the turbulence intensities in the three Cartesian directions (⟨u2⟩+, ⟨v2⟩+ and⟨w2⟩+) as well as the Reynolds shear stress (⟨uv⟩+), which are shown in figure 2 (a,
b, c, d). It is clearly seen that these second-order statistics have consistent behaviors
with respect to y
+
and Reτ , further showing the adequacy of the data sets from different
sources. In addition, figure 2 (e) displays the variation of ⟨u2⟩+max (the peak value of ⟨u2⟩+,
located at y
+ ≈ 15) with Reynolds number Reτ , and our low-Reynolds-number channel
DNS data are well consistent with the higher-Reynolds-number data of Lee & Moser
(2015) and Hoyas & Jime´nez (2006). The turbulent boundary layer measurement data in
the Melbourne Wind Tunnel (MWT) (Marusic et al. 2015) is also included in figure 2 (e).
It is worth noting that ⟨u2⟩+max in both channel and boundary layer flows can be properly
fitted with Reτ using a logarithmic relationship, as ⟨u2⟩+max = 3.66+ 0.642 lnReτ (Lee &
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Figure 2. Wall-normal profiles of Reynolds stress components and Reynolds number dependence
of the peak values: (a) ⟨u2⟩+; (b) ⟨v2⟩+; (c) ⟨w2⟩+; (d) -⟨uv⟩+; (e) the Reτ dependence of ⟨u2⟩+max;
LM15 denotes Lee & Moser (2015) and MBH17 denotes Marusic et al. (2017); MWT is the
boundary layer measurements in the Melbourne Wind Tunnel (Marusic et al. 2015); PSP is the
Princeton Superpipe measurements (Hultmark et al. 2010, 2012); LongPipe is the CICLoPE
Long pipe measurements (Willert et al. 2017); (f) the Reτ dependence of the peak values of⟨v2⟩+, ⟨w2⟩+ and -⟨uv⟩+.
Moser 2015) or ⟨u2⟩+max = 3.80+ 0.63 lnReτ (Marusic et al. 2017), which almost coincide
with each other. To be more complete, the ⟨u2⟩+max values in turbulent pipe flows from the
measurements of Princeton Superpipe (Hultmark et al. 2010, 2012) and CICLoPE Long
pipe (Willert et al. 2017) are also included in figure 2 (e), from which we can see that the
maximum streamwise turbulence intensity in pipe flow also increases with lnReτ in an
approximately linear manner while at a smaller slope. Figure 2 (f) shows the Reynolds
number dependence of the peak values of the other Reynolds stress components, i.e. ⟨v2⟩+,⟨w2⟩+ and ⟨−uv⟩+. We can see that the peak magnitude of spanwise turbulence intensity
has a similar logarithmic increasing trend as the streamwise one, and an empirical fitting
expression is proposed here as ⟨w2⟩+max = 1.344 + 0.493 lnReτ . The peaks of ⟨v2⟩+ and
8 L. Wang, R. Hu and X. Zheng⟨−uv⟩+ slightly increase with Reynolds number and seem to be able to reach asymptotic
values when Reτ is high enough.
According to the attached-eddy hypothesis of Townsend (1976), the Reynolds stress
components are predicted to satisfy the following scaling relationships in the logarithmic
layer of wall-bounded turbulent flows,⟨u2⟩+ = A1 −B1 log (y/δ), (2.1)⟨w2⟩+ = A3 −B3 log (y/δ), (2.2)⟨v2⟩+ = B2, ⟨uv⟩+ = −1. (2.3)
For the streamwise turbulence intensity ⟨u2⟩+, as displayed in figure 2 (a), the log law
(2.1) can hardly be detected at the low to moderate Reynolds numbers (Jime´nez & Hoyas
2008; Sillero et al. 2013; Bernardini et al. 2014; Lee & Moser 2015; Hu & Zheng 2018),
unless at enough high Reynolds numbers (Hultmark et al. 2012; Marusic et al. 2013;
Yamamoto & Tsuji 2018; Samie et al. 2018). It should be mentioned that recent studies
including ours indicate that the log law of ⟨u2⟩+ can hold at lower Reynolds numbers
if the part of the wall-attached eddies could be extracted from the total fluctuations
(Baars & Marusic 2020b; Hu et al. 2020). Nonetheless, the spanwise turbulence intensity
can obey the log law (2.2) at much lower Reynolds numbers (Jime´nez & Hoyas 2008;
Bernardini et al. 2014; Yang et al. 2018; Mehrez et al. 2019), as shown in figure 2 (c).
From figure 2 (b, d), it appears that wider plateau regions of both ⟨v2⟩+ and ⟨−uv⟩+
are emerging as the Reynolds number increases, which is also supported by the Reynolds
number dependence of their maximum values in figure 2 (f).
Thirdly, we move on to the scale-to-scale measures of turbulence kinetic energies in
the three directions and the corresponding Reynolds number effects. The analysis tool
of pre-multiplied energy spectrum is intensely used here, which can effectively aid to
reveal the spectral energy distribution of turbulence fluctuations in the logarithmic
coordinate. To be more specific, we exhibit the viscous-scaled pre-multiplied spectral
energy densities (e.g., kxEuu/u2τ ) into a contour plot against viscous-scaled wavelength
(λ
+
x = λx/(ν/uτ)) and wall-normal height (y+). Here, Euu is the spectral energy density
of u at a wavenumber kx or wavelength λx = 2pi/kx. The definitions for other velocity
components and in the spanwise direction are similar and straightforward. This tool has
been widely adopted for analyzing the scale-to-scale properties of turbulence fluctuations
(Kim & Adrian 1999; Guala et al. 2006; Balakumar & Adrian 2007; Hutchins & Marusic
2007a; Hwang 2013, 2015; Lee & Moser 2015, 2019; Vallikivi et al. 2015a; Wang &
Zheng 2016; Hu & Zheng 2018; Wang et al. 2018; Cheng et al. 2019; Wang et al. 2019b).
Figure 3 shows the streamwise and spanwise pre-multiplied energy spectra of all the
three components of velocity fluctuations. As Reynolds number increases, the viscous-
scaled wall-normal range increases accordingly, resulting in the upwards extended contour
patterns. In the near-wall region, i.e. y
+ < 100, distinct inner peaks can be clearly
observed, which are the spectral signatures of predominant near-wall coherent structures
(streaks, quasi-streamwise vortices, etc) with specific characteristic length scales. The
streamwise and spanwise pre-multiplied energy spectra of streamwise velocity fluctuations
kxEuu/u2τ and kzEuu/u2τ at Reτ = 180 ∼ 5200 are shown in figure 3 (a) and (b). The inner
peak locates at y
+ = 10 ∼ 20, with λ+x ∼ O(103) and λ+z ∼ O(102), which is consistent with
the well known characteristic streamwise length and spanwise spacing of near-wall streaks
obtained from visualized measurements or DNS (Kline et al. 1967; Smith & Metzler 1983;
Kim et al. 1987). In the near-wall small-scale region (y
+ < 40, λ+x < 7000 or λ
+
z < 200),
it is seen that the spectra at different Reτ collapse generally well, indicating Reynolds-
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Figure 3. Pre-multiplied energy spectra of the three velocity components at different Reynolds
numbers. The contour levels are (a) (0.6, 1.2, 1.8) for kxEuu/u2τ ; (b) (0.5, 1.5, 2.5) for kzEuu/u2τ ;
(c) (0.1, 0.3) for kxEvv/u2τ ; (d) (0.05, 0.35) for kzEvv/u2τ ; (e) (0.1, 0.45) for kxEww/u2τ ; (f) (0.2,
0.6) for kzEww/u2τ .
number-independent universal near-wall turbulent motions, but they are not separated
from the imprints of outer motions. However, it is noted that a certain degree of mismatch
exists in the streamwise spectra, and the streamwise length of the inner peak is longer at
lower Reynolds numbers, which has been reported in our previous low-Reτ simulations
(Hu & Zheng 2018). In contrast, we can hardly find collapsed near-wall viscous scalings
for the pre-multiplied energy spectra of wall-normal and spanwise velocity components
as good as the streamwise one, as displayed in figure 3 (c-f). In other words, v and w
show evident Reynolds number dependence in the spectra. The wall-normal locations of
the inner peaks of the v- and w-spectra are much higher, as y
+ = 30 ∼ 70, since v and w
are primarily induced by quasi-streamwise vortical structures which generally ride above
near-wall streaks (Hwang 2013). For the last point, we observe that the spectral imprints
of outer large-scale components into the near-wall region are stronger and extending to
longer wavelength if Reτ is larger, demonstrating increasing outer influences, which is
also consistent with many previous findings (Metzger & Klewicki 2001; Del A´lamo &
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Figure 4. Joint p.d.f.s P (u+, v+) (a, b) and P (u+, w+) (c, d) at y+ = 20 (a, c) and y+ = 50 (b,
d) in the fully developed turbulent channel flows at the Reynolds numbers Reτ = 180 ∼ 5200.
The contour levels are (0.2, 0.6) normalized by the peak value of the p.d.f. at Reτ = 1000 of the
two heights.
Jime´nez 2003; Abe et al. 2004; Hutchins & Marusic 2007b; Morrison 2007; Mathis et al.
2009; Agostini & Leschziner 2014; Baars et al. 2015; Hwang et al. 2016; Hwang 2016;
Lee & Moser 2019). And the major objective of the present study is to remove the large-
scale imprints on the near-wall region and extract truly Reynolds-number-independent
universal near-wall motions.
Lastly, we present the results of joint probability distribution functions (p.d.f.s) be-
tween velocity components, i.e., P (u+, v+) and P (u+, w+) at y+ = 20 and y+ = 50,
which is shown in figure 4. The joint p.d.f.s are useful and can be applied to examine
the most probable turbulent motions via the one-point velocity cross-correlations. For
example, the quadrant analysis, proposed nearly fifty years before, has been thoroughly
adopted to detect the outward (Q1, u > 0 and v > 0), ejection (Q2, u < 0 and v > 0),
inward (Q3, u < 0 and v < 0) and ejection (Q4, u > 0 and v < 0) events (Wallace
et al. 1972; Willmarth & Lu 1972; Lu & Willmarth 1973; Wallace 2016). As displayed
in figure 4 (a, b), the shape of P (u+, v+) is inclined with the major axis in the Q2-Q4
direction, implying much higher probabilities of the ejection and sweep events. The p.d.f.
contours at the two heights both show Reynolds number dependence, and the major axis
tends to the v
+ = 0 if Reτ increases, which indicates u+ increases more rapidly than
v
+
. If comparing the p.d.f.s at the two heights, i.e. figure 4 (a) and (b), it is seen that
the inclination of the major axis is steeper at y
+ = 50, that means the ejecting and
sweeping angles of coherent motions are smaller towards the wall. On the other hand,
figure 4 (c, d) demonstrates that the shape of P (u+, w+) is symmetric about w+ = 0 in
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all cases. However, the p.d.f.s are not symmetric about u
+ = 0, showing quite different
velocity distributions at u > 0 and u < 0. In general, the spanwise velocity w has a wider
distribution at u > 0 than u < 0. This is probably due to the splatting effect (Agostini
& Leschziner 2014; Agostini et al. 2016; Pan & Kwon 2018) or the dispersive motions of
high-speed structures (Hwang et al. 2016), i.e., high-speed sweeping (Q4) motions may
be converted into spanwise motions near the wall since the wall is impermeable. The
splatting/dispersive effect becomes weaker away from the wall, which could be confirmed
in figure 4 (d). Also, there exists visible Reynolds number dependence of P (u+, w+).
In summary, we have presented various statistics (Reynolds stress, pre-multiplied
energy spectra and joint p.d.f.s) of the channel flow DNS from three different sources
using different numerical methods, covering a wide range of Reynolds numbers with
Reτ = 180 ∼ 5200. All of the results support that the data sets are consistent with each
other, showing reasonable Reynolds number dependence. In the following, we will employ
the above DNS data to work out the decomposition of near-wall turbulent motions with
confidence.
3. The decomposition methodology
The decomposition of near-wall turbulent motions is based on the framework of the
predictive inner-outer (PIO) model proposed by Marusic and co-workers (Marusic et al.
2010a; Mathis et al. 2011). Here we resort to the refined PIO model of Baars et al. (2016),
which eliminates the need for a specific spectral cut-off filter to separate small- and large-
scale velocities as in the original version of this model. The basic idea of the PIO model is
that the near-wall turbulence fluctuations could be decomposed into two components, i.e.,
the footprints or imprints of outer large-scale fluctuations (the superposition effect), and
the small-scale fluctuations with modulated amplitudes by large scales (the modulation
effect).
The refined PIO model takes the form of
u
+
p (y+) = u∗(y+) [1 + Γuu(y+)u+L(y+, y+O)]ÍÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÑÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒ Ï
modulation
+ u+L(y+, y+O)ÍÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÑÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒ Ï
superposition
. (3.1)
Here u
+
p is the predicted streamwise fluctuating velocity near the wall (y
+ < 100), and
the dependence on the streamwise, spanwise coordinates (x
+
and z
+
) and time (t
+
) are
omitted for simplification. All of the variables are normalized by the viscous units. In
the right-hand-side of equation (3.1), Γuu(y+) is the modulation coefficient and u∗(y+)
is the near-wall universal signal in the absence of outer influence, which are usually
determined through a synchronously two-point calibration experiment, and assumed to
be universal at any Reynolds number (Mathis et al. 2011; Baars et al. 2016). The second
term u
+
L(y+, y+O) denotes the footprint of the outer large-scale fluctuating velocity u+(y+O)
at y
+
O on a near-wall position y
+
, and y
+
O is usually chosen at the centre of the logarithmic
layer (Mathis et al. 2011; Baars et al. 2016; Yin et al. 2018). Here we also follow Baars
et al. (2016) to calculate the outer footprint velocity u
+
L(y+, y+O) as
u
+
L(y+, y+O) = F−1x {HLu(λ+x , y+, y+O)Fx[u+O(y+O)]}, (3.2)
in which, u
+
O(y+O) is the input outer fluctuating velocity at y+O, Fx and F−1x denote FFT
and inverse FFT, respectively. HLu(λ+x , y+) is a scale-dependent complex-valued kernel
function depending on the streamwise wavelength and wall-normal position, representing
the spectral linear stochastic estimation of outer streamwise velocity in the near-wall
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region (Baars et al. 2016), which is defined by
HLu(λ+x , y+, y+O) = ⟨uˆ+(λ+x , y+)uˆ+(λ+x , y+O)⟩⟨uˆ+(λ+x , y+O)uˆ+(λ+x , y+O)⟩ = ∣HLu∣ejφ. (3.3)
Here, uˆ
+ = Fx(u+) is the Fourier transform of u+ along x direction, the overbar indicates
complex conjugate and φ is the phase difference of the two spectrum. Following Baars
et al. (2016), we also use a bandwidth moving filter of 25% to smooth the original spectral
transfer kernel HLu.
According to the above seminal works (Marusic et al. 2010a; Mathis et al. 2011; Baars
et al. 2016), the determination procedure of statistically universal near-wall fluctuating
streamwise velocity u
∗
as well as the modulation coefficient Γuu can be summarized
as follows: (i) Calculate the kernel function HLu(λ+x , y+, y+O) and the outer footprint
velocity u
+
L(y+, y+O) with given outer reference height y+O according to equation (3.2). (ii)
Get the near-wall small-scale velocity by subtracting u
+
L(y+, y+O) from the original one,
i.e. u
+
S = u
+ − u+L. (iii) De-modulate u
+
S to determine Γuu and u
∗
through an iterative
procedure so that the amplitude modulation coefficient is zero. More details about the
procedure can be found in Mathis et al. (2011) and Baars et al. (2016).
The original PIO model is only applied to the streamwise fluctuating velocity, here we
simply extend it to all the three velocity components, since previous study has revealed
strong similarities among them (Talluru et al. 2014). Consequently, the equations to
determine the near-wall universal fluctuating velocity components can be written as
u
∗(y+) = u+(y+) − u+L(y+, y+O)
1 + Γuu(y+)u+L(y+, y+O) = γuu(y+)u+S(y+, y+O), (3.4)
v
∗(y+) = v+(y+) − v+L(y+, y+O)
1 + Γuv(y+)u+L(y+, y+O) = γuv(y+)v+S(y+, y+O), (3.5)
w
∗(y+) = w+(y+) − w+L(y+, y+O)
1 + Γuw(y+)u+L(y+, y+O) = γuw(y+)w+S(y+, y+O), (3.6)
where
γuu(y+) = [1 + Γuu(y+)u+L(y+, y+O)]−1,
γuv(y+) = [1 + Γuv(y+)u+L(y+, y+O)]−1,
γuw(y+) = [1 + Γuw(y+)u+L(y+, y+O)]−1,
and
u
+
S(y+, y+O) = u+(y+) − u+L(y+, y+O),
v
+
S(y+, y+O) = v+(y+) − v+L(y+, y+O),
w
+
S(y+, y+O) = w+(y+) − w+L(y+, y+O).
Equation (3.4) is actually re-organized from equation (3.1). In the numerators of the
right-hand-sides of the above equations, v
+
L(y+, y+O) and w+L(y+, y+O) are the wall-normal
and spanwise outer footprint velocity components in the near-wall region, respectively,
which are obtained similar to u
+
L(y+, y+O), using v and w instead of u in equations (3.2)
and (3.3). The denominators are the modulators of the universal fluctuating velocity
components, all of which use u
+
L to evaluate the amplitude modulation effect, following
the suggestion of Talluru et al. (2014). The only difference is the modulation coefficients,
i.e. Γuu, Γuv and Γuw, which are determined separately in the three directions.
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It should be mentioned that there have been several studies that attempted to ex-
tend the original PIO model including the other two velocity components. Agostini &
Leschziner (2016) proposed a predictive model for the three-dimensional near-wall flow
field at Reτ ≈ 1000 by invoking the general form of the PIO model, while the universal
fluctuating velocities were extracted through the Empirical Mode Decomposition and
taking account of the sweep-induced splattering effect. Yin et al. (2018) utilized the flow
solution of the minimal flow unit (MFU) (Jime´nez & Moin 1991) at Reτ ≈ 2000 as a
surrogate of near-wall universal flow field, and also established a predictive model in
the framework of the PIO model. Although the above two models could yield satisfied
predictions at the Reynolds number the model parameters are determined, they did
not demonstrate the predicting capability at other Reynolds numbers. What is more,
whether the extracted universal near-wall flow field is really universal, i.e. Reynolds
number invariant, was also not explicitly addressed.
4. Results and analysis
4.1. Universal near-wall motions
4.1.1. Turbulence statistics
Now we present application results of the extracting scheme (3.4-3.6) for the near-wall
universal velocity fields. The primary input is the outer reference height y
+
O, since the
kernel functions (HLu, HLv, HLw) and the imprint velocities (u
+
L, v
+
L, w
+
L) can be directly
calculated once y
+
O is given. In the majority of the previous studies, y
+
O is chosen at the
centre of the logarithmic layer (Mathis et al. 2011; Inoue et al. 2012; Baars et al. 2016; Yin
et al. 2018), i.e. y
+
O ≈ 3.9
√
Reτ , because the outer spectral peak of streamwise velocity
fluctuations is located at this height (Hutchins & Marusic 2007a). Although generally
good agreement of the extracted u
∗
statistics has been reported at high Reynolds numbers
(Baars et al. 2016), we find the extracted near-wall motions from the channel DNS data
are actually Reynolds number dependent (the results are not shown here). This indicates
that the near-wall influence from a portion of outer motions may be still included, if we
trust the inner-outer interaction hypothesis and choose y
+
O ≈ 3.9
√
Reτ . This could be
true as Townsend (1976) already proposed that the wall-attached eddies can influence
the near-wall flow, and the geometrically self-similar eddies with sizes of l
+
y < 3.9
√
Reτ
are probably active near the wall (Perry & Chong 1982). Therefore it reminds us that the
truly universal near-wall fluctuations may be successfully extracted by gradually reducing
the input reference height y
+
O.
In the following, the turbulence intensities of the extracted near-wall velocity fluctu-
ations according to equations (3.4-3.6) are compared at the Reynolds numbers Reτ =
1000, 2000 and 5200, as shown in figure 5 (a, c, e). By systematically decreasing the refer-
ence height y
+
O from 300 to 200 and finally 100, it clearly shows that the extracted (⟨u∗2⟩,⟨v∗2⟩, ⟨w∗2⟩) are less dependent on Reynolds number, if y+O is smaller. Furthermore, the
Reynolds number invariant (⟨u∗2⟩, ⟨v∗2⟩, ⟨w∗2⟩) could be well defined with y+O = 100
and at Reτ = 1000 ∼ 5200. In figure 5 (b, d, f), only the extracted (⟨u∗2⟩, ⟨v∗2⟩, ⟨w∗2⟩)
with y
+
O = 100 at the three Reynolds numbers are displayed and excellent coincidence
can be found, especially for ⟨u∗2⟩ and ⟨v∗2⟩. However, it should be admitted that, the
extracted spanwise turbulence intensity ⟨w∗2⟩ is slightly dependent on Reτ , as shown
in figure 5 (f). We have tried to further reduce y
+
O, but no better improvement can be
achieved. It may be ascribed to the anti-correlation of spanwise velocity above and below
the centre of a quasi-streamwise vortical structure. A lot of DNS and PIV measurements
revealed that the low- and high-momentum regions in the outer region are flanked by a
14 L. Wang, R. Hu and X. Zheng
0 100 200 300
y+
0
2
4
6
8
〈u
∗
2
〉
y+O = 100
y+O = 200
y+O = 300
(a)
0 20 40 60 80 100
y
+
0
2
4
6
8
〈u
∗
2
+
〉
(b)
0 100 200 300
y+
0
0.5
1
1.5
〈v
∗
2
〉
y+O = 100
y+O = 200
y+O = 300
(c)
0 20 40 60 80 100
y
+
0
0.5
1
1.5
〈v
∗
2
+
〉
(d)
0 100 200 300
y+
0
1
2
3
〈w
∗
2
〉
y+O = 100
y+O = 200
y+O = 300
(e)
0 20 40 60 80 100
y
+
0
1
2
3
〈w
∗
2
+
〉
(f)
Figure 5. Turbulence intensities of the extracted universal fluctuating velocity components at
Reτ = 1000, 2000 and 5200: (a, b) streamwise velocity; (c, d) wall-normal velocity; (e, f) spanwise
velocity. In (a, c, e), the reference wall-normal position y
+
O varies from 300 to 100: y
+
O = 300
(dot-dashed lines), y
+
O = 200 (dashed lines) and y
+
O = 100 (solid lines). In (b, d, f), only the
results using the reference position y
+
O = 100 are shown.
pair of counter-rotating roll modes or beneath hairpin packets, which sweep high-speed
fluid downwards and eject low-speed fluid upwards, in the sense of instantaneous or
conditional averaged flow fields (Adrian et al. 2000; Del A´lamo et al. 2006; Adrian 2007;
Hutchins & Marusic 2007b; Dennis & Nickels 2011; Lozano-Dura´n et al. 2012; Talluru
et al. 2014; Wang et al. 2019a). Regarding u and v, which are strong within sweep or
ejection motions, the signs remain the same at y
+
O and a near-wall position y
+
. However,
for the spanwise fluctuating velocity w, the sign probably changes along the wall-normal
direction if keeping the same streamwise and spanwise location. This issue was already
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Figure 6. Pre-multiplied energy spectra of the three near-wall universal velocity components
at Reτ = 1000, 2000 and 5200. The contour levels are (a) (0.6, 1.2, 1.8) for kxEu∗u∗/u2τ ; (b) (1.2,
2.4, 3.6) for kzEu∗u∗/u2τ ; (c) (0.1, 0.2, 0.3) for kxEv∗v∗/u2τ ; (d) (0.17, 0.34, 0.51) for kzEv∗v∗/u2τ ;
(e) (0.2, 0.4, 0.6) for kxEw∗w∗/u2τ ; (f) (0.2, 0.4, 0.6) for kzEw∗w∗/u2τ .
addressed by Talluru et al. (2014), who finally proposed that ”it is unlikely that a single-
point input signal will be adequate to model the superposition component of the spanwise
fluctuation”. Another possibility is the splattering effect (Agostini & Leschziner 2014;
Agostini et al. 2016; Pan & Kwon 2018) or the dispersive motions (Hwang et al. 2016),
since a portion of sweeping velocities is converted to spanwise motions, which is not
contained in the superposition mechanism. Anyhow, although the extracted ⟨w∗2⟩ is still
a little Reτ dependent, we argue it is only marginal and acceptable, and should not be
a substantial problem.
Moreover, we present evidence of the extracted universal near-wall motions in the
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Figure 7. Joint p.d.f.s P (u∗, v∗)) (a, b) and P (u∗, w∗) (c, d) at y+ = 20 (a, c) and y+ = 50 (b,
d) in the fully developed turbulent channel flows at the Reynolds numbers Reτ = 1000 ∼ 5200.
The contour levels are (0.2, 0.6) normalized by the peak value of the p.d.f. at Reτ = 1000 of the
two heights.
scale space through pre-multiplied streamwise and spanwise energy spectra of all the
three velocity components at the Reynolds numbers Reτ = 1000 ∼ 5200 with y+O = 100,
as shown in figure 6. It is clearly seen that the spectra of the extracted u
∗
and v
∗
collapse
excellently at the different Reynolds numbers. The inner peaks of the streamwise and
spanwise u
∗
-spectra locate at y
+ = 10 ∼ 20, λ+x ∼ O(103) and λ+z ∼ O(102), which
is well in accordance with experimental observations of near-wall streaks (Kline et al.
1967; Smith & Metzler 1983; Kim et al. 1987). For the wall-normal components v
∗
,
the spectral peaks locate at y
+ ≈ 50, λ+x = 200 ∼ 300 and λ
+
z ≈ 100. In accordance
with the integrated spanwise velocity intensity ⟨w∗2⟩, it is also found there exists slight
Reynolds number dependence in the pre-multiplied spectra of w
∗
, as displayed in figure 6
(e, f). The discrepancy is principally located at large wavelengths, i.e., λ
+
x > O(103)
and λ
+
z > 200 ∼ 300. Here we claim again that this discrepancy is only marginal and
could be neglected. The spectral peaks of w
∗
locate at similar wall-normal height and
wavelengths with v
∗
, namely, y
+ = 30 ∼ 40, λ+x = 200 ∼ 300 and λ
+
z ≈ 200. Therefore, the
wall-normal positions of (v
∗
, w
∗
) spectral peaks are much higher than that of u
∗
, while
their streamwise and spanwise wavelengths are much smaller, which is consistent with
the characteristics of the near-wall inner spectral peaks before decomposition (figure 3).
It is also noted that the u
∗
and w
∗
spectra can well penetrate into y
+ < 10 while the v∗
spectra are mainly located at y
+ > 10. This is due to the impermeable condition or the
blocking effect of the wall-normal velocity at the wall (Perry & Chong 1982; Yang et al.
2018).
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Furthermore, we present joint p.d.f.s P (u∗, v∗) and P (u∗, w∗) of the extracted near-
wall universal velocities at the Reynolds number Reτ = 1000 ∼ 5200, which is displayed
in figure 7. The comparisons at the two wall-normal heights y
+ = 20 and y+ = 50 exhibit
remarkable coincidence of the joint p.d.f.s of the extracted universal velocity components
at the three Reynolds numbers. The major axis of P (u∗, v∗) is inclined in the Q2-Q4
direction, indicating higher probabilities of the ejection and sweep motions. By comparing
P (u∗, v∗) at the two heights, i.e. figure 7 (a) and (b), it can be seen that the inclination
of the major axis is shallower at y
+ = 20, suggesting the ejecting or sweeping of the
turbulent motions occurs at a smaller angle nearer the wall, similar to figure 4 (a, b). In
addition, the joint p.d.f. P (u∗, w∗) is shown in figure 7 (c, d), which is symmetric about
w
∗ = 0 axis, also similar to figure 4 (c, d).
The above results demonstrate that truly universal near-wall turbulent motions that
are independent of outer influences have been successfully extracted via the inner-
outer interaction hypothesis, the extraction scheme (3.4-3.6) and the outer reference
height y
+
O = 100, in the Reynolds number range of Reτ = 1000 ∼ 5200. In the study
of Hwang (2013), the near-wall motions wider than λ
+
z ≈ 100 were removed via the
spanwise minimum flow unit. It was found that the filtered near-wall streamwise velocity
fluctuations at y
+ ≤ 40 are well collapsed with the viscous scaling at the Reynolds
numbers up to Reτ = 660. Yin et al. (2017) extended this approach to higher Reynolds
numbers, i.e., Reτ = 1000 ∼ 4000, and obtained similar findings. We shortly comment
here, that both Hwang (2013) and Yin et al. (2017) isolated healthy and Reynolds-
number-invariant near-wall turbulent fluctuations at y
+ <∼ 50 and λ+z ≤ 100, whereas
the present methodology could finally extract universal near-wall turbulence in a higher
wall-normal range (y
+ ≤ 100) and without spanwise wavelength restriction.
4.1.2. Coherent structures
So far, Reynolds-number-invariant universal statistics of the decomposed small-scale
near-wall motions have been thoroughly demonstrated, in the Reynolds number range of
Reτ = 1000 ∼ 5200. Now we turn to demonstrate the corresponding instantaneous flow
snapshots and reveal the dominant coherent structures composing the universal near-wall
flow.
Figure 8 displays x−z plane snapshots of the universal streamwise velocity at y+ = 15,
where the full streamwise velocity fluctuation intensity is approximately the maximum.
It is seen that, as Reynolds number increases (i.e., figure 8 (a-c)), the general streaky
features of the flows are quite similar, indicating that not only the statistics, but also
the instantaneous fields of u
∗
exhibit good universal behavior. The v
∗
and w
∗
structures
are also very similar at the three Reynolds numbers, which are not shown for saving the
space.
It is well known that the near-wall region of a turbulent flow is comprised of various
types of vortical structures (Robinson 1991; Adrian 2007; Stanislas 2017; Jime´nez 2018;
Lee & Jiang 2019). And the debate on the dominant near-wall vortical structures still
remains elusive (Head & Bandyopadhyay 1981; Kim & Moin 1986; Jeong et al. 1997;
Zhou et al. 1999; Schoppa & Hussain 2002; Sheng et al. 2009; Wu & Moin 2009; Yang
& Pullin 2011; Schlatter et al. 2014; Eitel-Amor et al. 2015; Wang et al. 2015; Jodai
& Elsinga 2016; Shekar & Graham 2018). Therefore it should be beneficial to present
vortical structures of the decomposed near-wall velocity fields. Here the λci criterion
(Zhou et al. 1999) is employed for the vortex identification and visualization, which is
defined as the imaginary part of the complex eigenvalue of velocity gradient tensor and
usually referred to the local swirling strength. Vortical regions can be thus determined
where the complex eigenvalues exist since the local flow is swirling. Figure 9 displays
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Figure 8. Plane snapshots at y
+ = 15 of the near-wall universal streamwise velocity fields at
(a) Reτ = 1000, (b) Reτ = 2000, and (c) Reτ = 5200.
instantaneous fields of λci,∗ isosurfaces at the Reynolds numbers from 1000 to 5200. It
is shown that quasi-streamwise vortices dominates the universal near-wall flow, however,
there do exist signatures of hairpin vortex denoted by the red circles in the figure, despite
the low number density.
In figure 10, we show Reynolds-number invariance of vortical statistics of the universal
flow fields. The p.d.f.s of λci,∗ at the three Reynolds numbers, i.e., Reτ = 1000, 2000
and 5200, are plotted in figure 10 (a), which demonstrate excellent agreement among the
three distributions. Meanwhile, the wall-normal variation of the most probable value of
λci,∗ is represented by the black dotted line, the maximum of which is located around
y
+ = 25. Furthermore, figure 10 (b) exhibit the mean swirling strength profiles. It is
seen that, the mean swirling strength increases first and then decreases with y
+
, and the
maximum also appears at y
+ = 25. Excellent Reynolds-number invariance is observed.
An approximately linear variation of the mean swirling strength ⟨λci,∗⟩ with y+ in the
range of y
+ ≈ 30 ∼ 75 is also denoted in the figure. Since the swirling strength is defined
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Figure 9. Vortex structures from instantaneous universal velocity fields at
Reτ = 1000, 2000, 5200, identified by λci,∗ = 0.10.
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Figure 10. P.d.f.s of λci,∗ (a) and mean swirling strength ⟨λci,∗⟩ (b) as functions of y+ at
Reτ = 1000, 2000 and 5200.
in terms of velocity gradient, it is of higher order than velocity itself, and the comparison
here further strengthen the reliability of the current extraction scheme for the universal
velocity field.
Besides swirling strength λci, vortex orientation is another important aspect for the
characterization of vortical structures. Zhou et al. (1999) suggested that local swirling
flow will be stretched or compressed along the direction of the real eigenvector Λr of
the velocity gradient tensor. Gao et al. (2011) employed Λr to identify the local vortex
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+
at Reτ = 1000, 2000 and 5200.
orientations. Recently, Wang et al. (2019a) analyzed the vortex geometries and topologies
in turbulent boundary layers measured by tomographic particle image velocimetry using
the same method. Following the above studies, in this work, we also identify the vortex
orientations through the real eigenvector Λr of the velocity gradient tensor. For the
details of the method, one could see Gao et al. (2011) and Wang et al. (2019a). Figure 11
illustrates the p.d.f.s of the vortex orientations at Reτ = 1000 ∼ 5200, where the Λr
vector is projected onto the x−y plane and x−z plane separately. In the x−y plane, the
angle between the projected vector and the x axis is denoted by θxy. In the x− z plane,
the angle between the projected Λr vector and the negative z axis is indicated by θ−zx.
Figure 11 clearly shows that the p.d.f.s collapse excellently, i.e., demonstrating Reynolds
number invariance of vortex orientations. Wang et al. (2019a) reported that the near-wall
vortex orientations from the full velocity fields are also nearly independent of Reynolds
number in the range of Reτ = 1238 ∼ 3081. They attributed it to that the Reynolds
number only has evident influence on large-scale flow structures, while the small-scale
vortical structures are likely independent of the Reynolds number.
In summary, here we have successively found that by subtracting the footprints of outer
large-scale fluctuations, the obtained near-wall fluctuating velocity and vortical fields are
excellently Reynolds number independent at Reτ = 1000 ∼ 5200. Plenty of evidence, i.e.,
integrated statistics, spectra, joint p.d.f. as well as instantaneous coherent structures, has
been provided.
4.2. Low-Reynolds-number effect
Some studies have reported the existence of the low-Reynolds-number effect, that near-
wall turbulence statistics can not be well scaled by the viscous units at low Reynolds
numbers (Wei & Willmarth 1989; Antonia et al. 1992; Antonia & Kim 1994). It is unclear
whether this anomalous scaling is due to the effect of outer footprints, which should not
be very strong at low Reynolds number in our view. In this part, we will inspect whether
the small-scale near-wall velocity fields extracted by (3.4-3.6) could also be universal in
the fully developed low-Reynolds-number turbulent channel flows, e.g., Reτ < 1000.
Turbulence intensities of the extracted small-scale fluctuating velocities are shown in
figure 12. It is seen that the streamwise turbulence intensity ⟨u∗2⟩ slightly increases
with Reτ and the intensity peaks locate at y
+ ≈ 15 at all the three Reynolds numbers,
as displayed in figure 12 (a). The Reynolds number dependence is also evident from
the wall-normal and spanwise turbulence intensities, i.e., ⟨v∗2⟩ and ⟨w∗2⟩, as shown in
figure 12 (b) and (c). The wall-normal peak locations of ⟨v∗2⟩ and ⟨w∗2⟩ are y+ ≈ 40 ∼ 50
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Figure 12. Turbulence intensities of the extracted small-scale near-wall fluctuating velocity
components at Reτ = 180, 310 and 600: (a) streamwise velocity, (b) wall-normal velocity, and
(c) spanwise velocity.
and y
+ ≈ 30 ∼ 40, respectively. Therefore, the extracted ⟨u∗2⟩, ⟨v∗2⟩ and ⟨w∗2⟩ are not
universal, instead they show definite Reynolds number dependence. And we will denote
it as the low Reynolds number effect hereafter, which should not be confounded with
that in the literature (Antonia et al. 1992; Antonia & Kim 1994), since the latter was
declared for the undecomposed turbulent flows.
Furthermore, similar to figure 6, we show the one-dimensional streamwise and spanwise
pre-multiplied energy spectra of the three small-scale velocity components at the low
Reynolds numbers in figure 13, with the viscous-scaled wavelength (λ
+
x or λ
+
z ) and the
wall-normal height (y+). For the contour level, we try to keep consistent with figure 6, but
for clarity, only two levels between zero and the peak values are shown. As displayed in
figure 13 (a,b), the near-wall spectral peaks of the streamwise and spanwise pre-multiplied
spectra locate at y
+ = 10 ∼ 20 with λ+x ∼ O(103) and λ+z ∼ O(102), which are similar with
those in figure 3 and figure 6. However, it may not be claimed with confidence that the
spectral contours are perfectly scaled by viscous units. In fact, figure 13 (a) shows that
the streamwise wavelength of the inner peak is slightly larger at lower Reynolds numbers,
which is consistent with our previous simulations at much lower Reynolds numbers (Hu
& Zheng 2018). Meanwhile, the spanwise wavelength of the inner peak is larger at higher
Reynolds number, see figure 13 (b). This may indicate that as Reynolds number increases,
the near-wall small-scale u
∗
structures tend to be shorter and wider, in the low Reynolds
number regime. Moreover, in figure 13 (c-f), the streamwise and spanwise pre-multiplied
energy spectra of v
∗
and w
∗
are presented, in which the wall-normal locations of the inner
spectral peaks are also consistent with the undecomposed ones, as in figure 3 (c-f), say
y
+ = 30 ∼ 70. Compared to the u∗-spectra, the v∗- and w∗-spectra exhibit much stronger
Reynolds number dependence. Particularly, as Reynolds number increases, the spectral
energy increases accordingly, resulting in stronger integrated ⟨v∗2⟩ and ⟨w∗2⟩, as shown
in figure 12 (b) and (c). Since the spanwise and wall-normal velocity components are
closely related to vortical structures, it may imply that the strength of near-wall small-
scale quasi-streamwise vortices increases with Reynolds number in the low Reτ regime
(Reτ < 1000), and can reach a fully-developed asymptotic status once Reτ ≥ 1000.
It should be mentioned that Antonia & Kim (1994) also attributed the low-Reynolds-
number effect to an increase in strength of the quasi-streamwise vortices in the buffer
layer, other than the average diameter or average location.
To demonstrate the low Reynolds number effect on the instantaneous coherent struc-
tures, figure 14 shows the plane snapshots at y
+ = 15 of instantaneous u∗ fields at
Reτ = 180, 310 and 600. From this figure, it can be generally seen that the spanwise width
of the near-wall streaks increases with Reynolds number. For the streamwise length of
the streaks, it is much more difficult to inspect a distinction visually. However, through
spectral analysis, we know that the u
∗
structures should be shortened at higher Reynolds
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number if Reτ < 1000. In addition, figure 15 displays instantaneous vortical fields with
λci,∗ = 0.15 at the three low Reynolds numbers. It clearly shows that quasi-streamwise
vortices populate in the near wall region, and their lengths are around 100 ∼ 200 viscous
units, which is consistent with many previous results (Head & Bandyopadhyay 1981;
Jeong et al. 1997; Hwang 2013; Wang et al. 2019a). Furthermore, one distinctive feature
in the figure is the increasing trend of vortex population with Reynolds number. However,
it does not necessarily indicate more vortices at higher Reynolds number, but vortices
are getting stronger, as more intense regions of λci,∗ > 0.15 are detected. Therefore, per
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Figure 14. Plane snapshots at y
+ = 15 of the near-wall small-scale streamwise velocity fields
at (a) Reτ=180, (b) Reτ =310, and (c) Reτ =600.
the instantaneous flow fields, we revealed that near-wall small-scale streaks tend to be
shorter and wider, while vortical structures are getting stronger with Reynolds number
at Reτ < 1000.
Finally, we illustrate the low-Reynolds-number effect on the swirling strength statistics.
The p.d.f. distributions of λci,∗ at Reτ = 180, 310 and 600 in the near-wall region are
compared in figure 16 (a). The shapes of the p.d.f.s at the different Reynolds numbers
are generally similar. However, it can be clearly seen that, as Reynolds number increases,
the probability of large swirling strength gradually becomes higher, indicating stronger
vortical strength at higher Reτ . Besides, figure 16 (b) demonstrates the mean swirling
strength profiles at the three low Reynolds numbers. The swirling strength increases first
then decreases with y
+
, and the maximum value appears at y
+ ≈ 25, which is similar to
the higher Reynolds number cases, as in figure 10 (b). However, the absolute value of
λci,∗ is found to increase with Reτ and be consistent with the p.d.f. result. Moreover, the
linear relationship also exists and almost has an identical slope from Reτ =180 to 5200
in the range of y
+ = 30 ∼ 75. In addition, the mean inclination and the corresponding
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Figure 15. Vortex structures from the instantaneous universal velocity fields at (a) Reτ =
180, (b) Reτ = 310, and (c) Reτ = 600, identified by λci,∗ = 0.10.
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Figure 16. P.d.f.s of λci,∗ (a) and mean swirling strength ⟨λci,∗⟩ (b) as functions of y+ at Reτ
= 180, 310 and 600.
p.d.f. of the near-wall small-scale vortex structures are found to be basically independent
of Reynolds number, which are not shown here for saving space.
In summary, we have applied the decomposition scheme (3.4-3.6) to the low-Reynolds-
number turbulent channels at Reτ = 180 ∼ 600, and the extracted near-wall small-scale
velocity fields (u
∗
, v
∗
and w
∗
) are discovered to be Reynolds number dependent. The
main mechanism may be the strengthening of the near-wall quasi-streamwise vortical
structures. And it will induce the augments of the velocity fluctuations, as well as the
widening and shortening of the near-wall streaks.
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4.3. Characteristics of the outer footprints and inter-scale interactions
In this part, we present the characteristics of the near-wall footprints of outer turbulent
motions, i.e., (uL, vL, wL), also known as the superposition effect (Hutchins & Marusic
2007b; Marusic et al. 2010a; Mathis et al. 2011), as well as their interactions with the
near-wall small-scale motions, which is quantified by the amplitude modulation of large
scales to small scales.
First, we explore the instantaneous uL fields, representing the ”footprints” of outer
streamwise fluctuating velocity in the near-wall region, which is simply obtained by
invoking (3.2), as shown in figure 17. As we can see, the representative x − z plane
snapshots of uL fields at y
+ = 15 with Reτ = 180 ∼ 5200 are directly compared, in which
the islands surrounded by the solid lines indicate the areas of intensive uL fluctuations
with a level u
+
L = ±1.5. It is noted that we only take x
+ = −2.2 × 103 ∼ 2.2 × 103 and
z
+ = −8 × 102 ∼ 8 × 102 at Reτ = 180, 310 and 600, while x+ = −6.25 × 104 ∼ 6.25 × 104
and z
+ = −2.3 × 103 ∼ 2.3 × 103, since the viscous-scaled domain size is smaller at
low Reynolds numbers. Form figure 17 (a-f), it could be seen that, as Reynolds number
increases, the viscous-scaled length and width of the intensive velocity fluctuation regions
progressively increase in general. The number of the identified regions also increases with
Reτ . At the Reynolds numbers of Reτ =180, we can hardly find an intensive velocity
fluctuation region in the snapshot. While at Reτ = 5200, there exists a large number of
intensive uL regions, some of which even exceed the shown spatial range of the snapshot.
In order to further quantify the contributions of (uL, vL, wL) to the total turbulent
kinetic energy (TKE) in the near-wall region, here we define pii = ⟨u2i,L⟩/⟨u2i ⟩ (i = x, y, z
corresponding to the three Cartesian directions), as the contribution ratio of the outer
footprint TKE to the total TKE. Figure 18 (a,c,e) shows the contribution ratio pii of
all the three velocity components at the different Reynolds numbers. It is seen that pix,
piy and piz all increase with y
+
, demonstrating more TKE contributions of the outer
footprints away from the wall, and finally reach 1.0 at y
+ = 100 due to y+O = 100 in the
extraction scheme (3.2). The horizontal dotted line in figure 18 (a,c,e) marks the 50%
TKE contribution from the outer footprints, and the shaded region illustrates the wall-
normal range of pii = 0.5 at Reτ = 180 ∼ 5200. We can see that the TKE contributions of
outer footprint in the three directions are stronger at higher Reynolds number. Taking pix
for example, the wall-normal height of pix = 0.5 is y+ ≈ 78 at Reτ = 180 while y+ ≈ 48 at
Reτ = 5200, indicating a growing contribution of ⟨u2L⟩ to ⟨u2⟩ as Reτ increases. Moreover,
compared to the wall-normal component piy, pix and piz exhibit much stronger Reynolds
number dependence in the near-wall region, e.g., pix is even as high as about 0.2 at the wall
if Reτ = 5200. This is consistent with the attached eddy hypothesis of Townsend (1976),
that the near-wall region could feel wall-parallel motions due to the attached eddies that
reside above that point. Here we take a further look at the wall-normal contribution
ratio piy, which is shown in figure 18 (c). Notable Reynolds number invariant or universal
behavior of piy is observed at Reτ ≥ 600, while it may not necessarily imply ⟨v2L⟩+ is
Reynolds number invariant, since the total wall-normal TKE ⟨v2⟩+ indeed shows Reτ
dependence.
The wall-normal variations of the coefficients ⟨γ2uu⟩, ⟨γ2uv⟩ and ⟨γ2uw⟩, whose definitions
can be deduced from (3-3) as the ratio between the universal and the small-scale velocity
variances ⟨u∗2i ⟩/⟨u2i,S⟩, are displayed in figure 18 (b,d,f). Considering the fact that u∗i is
obtained from the demodulation operation of ui,S , these parameters could be utilized for
quantifying the amplitude modulation effect in an average sense. It is seen from figure 18
(b,d,f) that the coefficients are obviously very close to 1.0, the maximum deviation of
which is less than 5%. Therefore, the variances of u
∗
i and ui,S are almost identical, and
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Figure 17. Plane snapshots of the outer footprints u
+
L at y
+ = 15. The Reynolds number is
indicted at the top of each subfigure. The solid lines indicate the contour level of u
+
L = ±1.5.
one may arrive the point that the amplitude modulation effect is negligible in the average
sense, at least in the Reynolds number range of the current study.
We further scrutinize the spectral energy distributions of the outer footprints in the
near-wall region. The streamwise pre-multiplied energy spectra of all the three velocity
components, against the inner- and outer-scaled wavelength (λ
+
x and λx/δ), are given in
figure 19 (a,b). In figure 19 (a), it is shown that the TKE spectral distribution of uL
seems to obey the viscous scaling very well in the range of λ
+
x < 6000 at Reτ ≥ 1000.
With the outer scaling, we can see that the uL spectra collapse with each other very well
for λx/δ > 6 at Reτ ≥ 1000, see figure 19 (b). Furthermore, the pre-multiplied energy
spectra of the wall-normal velocity footprints vL are displayed in figure 19 (c,d) with the
viscous and outer scaling, respectively. It is seen that, clear Reynolds number dependence
of the vL spectra exists with the outer scaling, see figure 19 (d). In contrast, excellent
collapse is found with the viscous scaling at λ
+
x < 1000 and Reτ ≤ 1000, as displayed in
figure 19 (c). The pre-multiplied spectra of the spanwise velocity footprints wL are shown
in figure 19 (e,f). In the wavelength region of λ
+
x ≤ 600 and Reτ ≤ 1000, it can be clearly
seen that the spectra are well collapsed with the viscous-scaled wavelength, see figure 19
(e). However, from figure 19 (f), we may not confirm a collapse of the wL spectra with
the outer-scaled wavelength, as good as the streamwise one. The excellent collapse of uL,
vL and wL spectra with the viscous-scaled wavelength in the small-scale regimes, may
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Figure 18. TKE contribution ratio pii (a,c,e) and the modulation ratio ⟨γ2⟩ between ⟨u∗2i ⟩
and ⟨u2i,S⟩ (b,d,f) of the three velocity components in the near-wall region.
imply possible relations of the small-scale parts of the outer footprints (as well as the
corresponding outer motions) with the viscous-dominated near-wall turbulence.
Next, we move on to analyze the contribution of the outer footprints on the swirling
strength in the near-wall turbulence. Figure 20 displays the wall-normal variations of the
p.d.f.s of swirling strength λci in the near-wall region at Reτ = 1000, including those
from the full and the decomposed velocity fields. Figure 20 (a) compares the p.d.f.s of
λci from the original, the small-scale and the universal velocity fields, namely, λci, λci,S
and λci,∗. First, it is clearly seen that the p.d.f.s of λci,∗ and λci,S coincide with each
other very well, which is consistent with the earlier results that the statistics of u
∗
i and
ui,S are almost identical. Moreover, it is interesting to note that the p.d.f. distribution
of λci from the full velocities below the buffer layer (y
+ < 30) can be well approximated
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Figure 19. Streamwise pre-multiplied energy spectra of the outer footprint velocity components(uL, vL, wL) with the viscous-scaled wavelength λ+x (a,c,e) and the outer-scaled wavelength λx/δ
(b,d,f).
by that of λci,S or λci,∗. Above the buffer layer, i.e., y
+ > 30, the swirling strength of the
small-scale or universal flow tends to be smaller than that in the full field. Figure 20 (b)
shows the p.d.f. of λci,L in comparison with that of λci. As wall-normal height increases,
the p.d.f. distribution of λci,L is wider that implies higher possibility of larger swirling
strength. Therefore, we can state that the vortical structures of the outer footprints are
only apparent above the buffer layer. In other words, the vortical structures in the buffer
layer are principally generated by the near-wall small-scale motions.
At last, we demonstrate the Reynolds-number effect on the swirling strength statistics
of outer footprint fields. The p.d.f. distributions of λci,L at the Reynolds numbers
from 180 to 5200 in the near-wall region are compared in figure 21 (a). The contours
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Figure 21. P.d.f.s (a) and mean profiles (b) of λci,L as functions of y
+
at the Reynolds
numbers from 180 to 5200.
of the p.d.f.s exhibit excellent collapse at the Reynolds numbers of 1000, 2000 and
5200. However, the swirling strengths at lower Reynolds numbers show definite Reτ
dependence, and decreases as Reynolds number decreases. Meanwhile, figure 21 (b)
displays the mean swirling strength profiles at different Reynolds numbers. It can be
seen that, the mean swirling strength ⟨λci,L⟩ is generally larger at higher y+, while only
decays at about y
+ > 90 possibly due to the decrease of the gradient of ui,L near y+ = 100.
At the three high Reynolds numbers, i.e., Reτ = 1000, 2000 and 5200, the ⟨λci,L⟩ profiles
collapse very well, but not the case at lower Reynolds numbers, which is consistent with
figure 21 (a). By connecting with the results of the outer footprint velocities, it may
suggest that the outer imprint vortical structures are probably generated by the viscous-
scaled small-scale parts of ui,L. In other words, the large-scale parts of ui,L are passive
while not active vortical structures.
5. Concluding remarks
In this work, we present a decomposition methodology of three-dimensional turbulence
velocities into small-scale and large-scale components in the near-wall region at y
+ < 100.
The method is principally based on the PIO model of Marusic et al. (2010a) and Mathis
et al. (2011). However, a significant difference is that we use y
+
O = 100 instead of y
+
O ∼
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Figure 22. Schematic illustration of a hierarchical structure of attached eddies with three
levels.√
Reτ as the reference height for evaluating outer footprints. Reynolds-number-invariant
universal small-scale turbulent motions are then extracted at 1000 ≤ Reτ ≤ 5200 with
plenty of evidence, including the integrated intensities, the spectra and the p.d.f.s of
fluctuating velocities in the three directions, the instantaneous coherent structures and
characteristics of swirling quantities. The reason can be simply attributed to that the
eddies with size of 100 < l+y <∼
√
Reτ should also be responsible for near-wall footprints
and need to be incorporated, and y
+ ≈ 100 can be regarded as the ’critical’ dividing
height of inner and outer regions in the context of wall-bounded turbulence fluctuations.
A recent experimental investigation in open channel flows also support it (Duan et al.
2020).
This can be further elucidated by the properties of the attached eddies and detached
eddies (Perry & Marusic 1995; Baars & Marusic 2020a; Hu et al. 2020) that both have
coherence with the wall. The detached eddies are longer than the attached eddies and
peaked at the centre of the logarithmic layer approximately. This is why previous studies
commonly used y
+
O ∼
√
Reτ where the outer spectral peak resides (Mathis et al. 2011;
Baars et al. 2016). However, the attached eddies are more populated near the wall and
lead to the logarithmic decay of ⟨u2⟩+. As illustrated in figure 22, if we use y+O ∼ √Reτ ,
only the contribution of the third-level attached eddies with ly3 in size is included. In
order to take into account smaller eddies, it is required to let y
+
O = l
+
y1, i.e., the size
of the smallest attached eddies. According to the present finding, it is suggested that
l
+
y1 = y
+
O ≈ 100, which is consistent with previous conjecture that the smallest attached
eddies should be on the order of 100 viscous units in height (Perry & Chong 1982).
At lower Reynolds numbers of Reτ ≤ 600, we find that the extracted small-scale veloc-
ity and swirling-strength statistics can not be scaled by the viscous units. The intensities
of these turbulence quantities increase with Reynolds number, showing a developing trend
of near-wall small-scale turbulence. After examining the vortical structures, it is revealed
that the overall swirling strength of the small-scale motions is enhanced at larger Reτ ,
which is consistent with the vortex strengthening mechanism (Wei & Willmarth 1989;
Antonia et al. 1992; Antonia & Kim 1994). We would like to note that the low-Reynolds-
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number effect is also consistent with our previous simulations at lower Reynolds numbers
(Hu & Zheng 2018). Although a wide range of viscous scaling is not established at low
Reynolds numbers, it is still speculated that turbulent outer motions may emerge at a
quite small Reynolds number as Reτ ≈ 100, since y+ > 100 is suggested as the outer
region here.
Finally, we address the characteristics of the outer footprints and inter-scale interac-
tions. Both the viscous-scaled intensities and length scales of the outer footprints increase
with Reynolds number. Interestingly, it is also discovered that the small-scale part of the
outer footprints can be well scaled by the viscous units, as well as the vortical statistics,
indicating possible relations with the near-wall small-scale motions. Another finding is
that in average, the statistics of (u∗, v∗, w∗) are almost identical to those of (u+S , v+S , w+S),
implying that the average effect of amplitude modulation could be negligible. However,
we do not deny that within positive/negative fluctuating regions of the outer footprints,
the small-scale intensities would be amplified/depressed, which will be analyzed in the
future.
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